Abstract Powders of icosahedral Al 65 Cu 23 Fe 12 and decagonal Al 73 Cu 11 Cr 16 quasicrystalline intermetallics were synthesized by the mechanical alloying in combination with subsequent annealing. The conditions of mechanical alloying were purposely chosen to obtain the composite materials filled by dispersed (<3 lm) quasicrystalline particles. A number of silanes were tested for the surface treatment of quasicrystalline particles in order to provide the uniform distribution of quasicrystals over the polymer melt and chemical binding with the polymer matrix and the most efficient silane type was found. The composites based on ethylene-vinyl acetate EVA, polysulphone PSU, and polyphenylene sulfide PPS were produced by the filling with quasicrystalline powders. The study of rheological characteristics has shown that high fluidity of the melt is retained, while uniform distribution of quasicrystalline particles over the polymer is provided. The data of mechanical and physical properties are reported.
Introduction
In spite of expectations based mainly on scientific intuition and more than 30 years of fundamental studies worldwide quasicrystals (QC) have not found the applications at industrial scale. In general, the quasicrystals possess the combination of some attractive properties for general uses: high hardness and wear resistance, low surface energy, low friction coefficient, significant radiation and corrosion resistance, low electrical and thermal conductivity, and unusual optical properties [1] [2] [3] [4] [5] [6] [7] . Possible areas of application of an unusual combination of thermal, electrical, and optical properties of quasicrystals were considered in [4, [7] [8] [9] [10] [11] [12] . The QC phases can be used as wear-resistant, heat-shielding coatings operating at the temperatures above 450-600°C. Recent discovery of superplasticity in the nanoscaled single quasicrystals [13] may provoke a fresh start in the search of commercially promising structural applications, since their intrinsic brittleness is considered as the main obstacle for processing, shaping and final use as the bulk product.
The application of quasicrystals in the form of powders and namely as the fillers for composites rests, perhaps, the only option for further development of structural materials which utilize the quasicrystalline form of matter. Al matrix composites reinforced with Al based quasicrystals [14] [15] [16] [17] [18] [19] [20] [21] [22] have demonstrated merely good combination of mechanical and tribological properties, although still far from the best conventional precipitation hardened Al alloys or Al-ceramics composites. The polymer-based composites filled with powder quasicrystalline fillers seem to be much more promising since they simultaneously improve physical, mechanical, tribological and thermal properties [23] [24] [25] [26] [27] . The development of these composites, besides the proper characterization, presumes the solution of a number of engineering problems: mass production of quasicrystalline powders, search for the suitable binding agents and the optimization of the filler content in order to remain the processability with the highly productive technologies. This article reports and discusses the recent progress reached along this methodology pass.
Experimental
Pure Al, Cu, Fe, and Cr (98.5-99.5 at.%) powders (d50 about 498 µm for Al and d50 about 35 µm for others) were used for the mechanical alloying (MA) of Al 65 Cu 23 Fe 12 and Al 73 Cu 11 Cr 16 compositions (in at.%) by means of water-cooled APF-3 planetary ball mill. The time of MA varied from 20 to 180 min. Loading and unloading of the powders into the vials was provided in an inert atmosphere (argon gas). Pure ethanol was used as process control agents (PCA) to prevent cold welding of powder particles to each other and to the walls of the vials and balls. The annealing of the powders obtained by mechanical alloying (precursors of the quasicrystals) was performed in a pure argon atmosphere, at the temperatures of about 600-800°C.
Surface treatment of the obtained quasicrystalline powders was carried out using following silanes: triethoxyvinylsilane Geniosil GF 56, gammamethacryloxypropyltrimethoxysilane Silquest A-174, and polydimethylsiloxane PDMS 200. Silanization of the quasicrystalline fillers was performed in 20% ethanol solution at a temperature of 40-45°C for 6 h under intensive stirring.
Ethylene-vinyl acetate Evatane 28-05 and Evatane 28-40 (Arkema), PPS (DIC DSP B-100-C) and PSU (Ultrason S2010) were used as the polymer matrix.
X-ray diffraction analysis was performed using an automated X-ray diffractometer DRON-4-07, with CoKa monochromatic radiation. The spectra were analyzed using reduced Rietweld refinement.
The "thermoplastic polymer-quasicrystal" concentrates were prepared by the extrusion using Thermo Scientific HaakeMiniLab and Scientific LTE-16 laboratory extruders. The degree of granulate filling with the quasicrystals was about 10-40 wt %. The mixing procedure was performed at the temperatures of about 110-130°C, in a HaakeMiniLab Thermo Scientific extruder. The time of the mixing was varied in the range from 3 to 15 min. The resulting melt flow of concentrates was measured with a CEAST MFT7025 rheometer, in accordance with ISO 1133: 2011 [Plastics-Determination of the melt mass-flow rate (MFR) and the melt volume-flow rate (MVR) of thermoplastics]. The measurements were carried out at a temperature of 190°C for the following set of loads: 1.2-2.16-3.8-5 kg.
The microstructure of the samples of the powder compositions and polymer concentrates was examined with Hitachi TM-1000 and Tescan Vega3 scanning electron microscopes. The microstructure of the concentrates was studied on the chips made in liquid nitrogen.
The FTIR spectroscopy of the thermoplastic polymer-quasicrystals concentrates was performed using a Nicolet 380 IR-Fourier spectrometer (the spectral range of 4000-450 cm −1 with a resolution of about 0.9 cm −1 , the accuracy of the wave number of 0.01 cm −1 ) in attenuated total reflection (ATR) mode. Figure 1 summarizes the data on the phase composition of the mechanically alloyed powder mixtures after the annealing at the temperatures varying over range 25-900°C. The quasicrystalline intermetallics are formed due to the solid state reactions and their content can reach up 90% after the annealing at 700-750°C in the Al-Cu-Fe system and at 850-900°C in the Al-Cu-Cr. This provides the mass production of quasicrystalline powder fillers and potentially mechanical alloying as the technology may recycle the debris, chips, and other rests of machining to reduce the costs for composite materials. The optimal powder fillers' size to reinforce the thermoplastic polymers is achieved by annealing at 700-800°C. It consists of weakly bound agglomerates of quasicrystalline particles with the thickness of about 20-30 µm and length size of about 300-400 µm, whereas the individual particles are 1-3 µm in size-see Fig. 2 . During the extrusion mixing under the action of shear, these agglomerates decompose into individual particles and are distributed over the polymer. quasicrystals. In case of silane PDMS 200, the strong peaks of silane are observed and their intensity remains almost unchanged. Moreover, in contrast to PDMS200 the Geniosil GF 56 and Silquest A174 silanes do form the suspension of the quasicrystalline particles and thin film on the particle surface. Finally, Geniosil GF 56 as the strongest agent was used further in the composite synthesis. Fig. 2 The appearance of mechanically alloyed and annealed quasicrystalline powders Figure 4 shows that due to the high shear stress in the extrusion machine the aggregated particles are destructed and the homogenization is completed by 12-15 min. Increasing the viscosity of the melt allows one to manage the processes of destruction of the aggregated particles and further homogenization of the filled polymer. The melt flow of the concentrates filled with the quasicrystals is slightly reduced by 12-15% with the increase of filler concentration up to 40 wt%. The differences in the melt flow of the concentrates based on icosahedral Al 65 Cu 23 Fe 12 phase and a decagonal Al 73 Cu 11 Cr 16 phase having a different shape of the particles, is statistically insignificant, when the particles are less than 3 µm in size.
Results and Discussion
As it seen from the Table 1 the filling with quasicrystals results in the increase of stiffness and almost does not affect tensile strength for PPS and PSU. One can find no influence of quasicrystals' nature-both icosahedral and decagonal intermetallics return the same shift of the properties. Both for PPS and PSU Brinell hardness rises from about 130 N/mm 2 for pure polymers to about 160 N/mm 2 for the composites containing 20 w.% of quasicrystals, that reflects the modest. Table 1 increase of yield strength. In general, this tendency reflects insufficient binding of the matrix and the filler and does not give promising perspective for the structural applications of the composites. The tribological applications, nevertheless, may still be considered and studied in future.
The measurements reveal the increase of thermal diffusivity from 0.132 mm 2 /s for pure PPS to 0.154 mm 2 /s for the composite containing 20 w.% of filler regardless the nature of quasicrystals (from 0.115 mm 2 /s for pure PSU to 0.137 mm 2 /s for the composite with 20 w.% of filler). These data as well as the DSC measured data on heat capacity and density were used for the calculation of thermal conductivity. The increase of thermal conductivity for about 25% for PPS and for 32% for PSU was found which reflects the leading contribution of the density rise rather than heat capacity decrease.
The increment of thermal properties in combination with the expected low friction coefficient and surface energy points on the tribological applications for Fig. 4 The uniform distribution of quasicrystalline particles in Evatane 28-05 polymer after 12 min of extrusion mixing composite bearings or other high demanding movable mechanical parts. Additionally to higher hardness the facilitated heat release from the tribological contact will reduce the local overheating and by this will protect the matrix against temperature softening and degradation.
Conclusions
The technology for the production of quasicrystalline powder fillers and their introduction to the polymer matrix to finally gain the composite material was developed. The production technology combines the mechanical alloying of powder metals and subsequent heat treatment of the alloyed powders in an inert atmosphere. The technology for the introduction of quasicrystalline to the polymer matrix presumes the treatment with the optimal silane and high energy extrusion mixing at appropriate time in order to reach the homogeneous distribution of the powder filler. The agglomerates obtained at the production stage are crushed and the powder particles of 3 lm size are uniformly distributing in the polymer matrix. The rheological characteristics of the polymers filled with modified icosahedral Al 65 Cu 23 Fe 12 and decagonal Al 73 Cu 11 Cr 16 quasicrystals show that the melt flow of the concentrates depends on the particle size and does not depend on particle' shape.
The resulting concentrates, which are based on highly filled thermoplastic polymers and silane-treated quasicrystalline powders, make possible to synthesize the composite materials based on polyolefin material like PSU and PPS. The mechanical properties of the composites show almost no enhancement as a result of filling. The thermal diffusivity and conductivity, however, rise with the quasicrystals' content what in combination with the hardness increase opens the field of tribological applications like bearings or guiding parts. It is believed that possible areas for application of these materials are also the composite coatings of the pipes with the reduced rate of deposition of organic deposits due to a low surface energy of the reinforcing quasicrystalline phase, which is comparable to that of pure polymers.
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